INTRODUCTION
The Earth is constantly bombarded by cosmic rays that can be of either galactic or solar origin. Thus, passengers on airplanes are exposed to high levels of galactic radiation, which is correlated with the altitude and magnetic latitude. National and international agencies have established recommended dose limits for both workers and civilians, and national or continental regulations are based on these recommended dose limits.
The ambient dose equivalent is commonly used to assess the biological effect in radiation fields. It represents the dose equivalent that would be produced by the corresponding expanded and aligned field at a depth of 10 mm in an ICRU spherical phantom with a diameter of 30 cm. Thus, the typical total ambient dose equivalent for a transatlantic flight is approximately 50 lSv during quiet solar activity. Conversely, estimations differ by one order of magnitude for the contribution induced by certain solar particle events (1) . During a ground level enhancement (GLE) event, the Sun can indeed emit particles of sufficient energy and intensity to raise radiation levels on the Earth's surface. Analyses of GLE characteristics occurring since 1942 showed that the most significant event had a dose level of the order of 1 mSv and more. The largest of these events was observed on February 1956 (2, 3) for which the ambient dose-equivalent rate was of the order of 10 mSv/h -1 . The extra dose at aircraft altitudes for a flight during this event might have been approximately 20 mSv, i.e., comparable to the annual limit for flight crew (4, 5) . The most recent GLE occurred in September 2017, which was the result of an Xclass solar flare, and was measured on the surface of both Earth and Mars using the radiation assessment detector found on ''Curiosity'' the Mars Science Laboratory's rover.
Recently, we proposed a GLE physical model, to be included in the ATMOspheric RADiation (ATMORAD) particle transport platform (6) . This platform helps elucidate the extensive air shower characteristics and assess the ambient dose equivalent. Thus, the galactic cosmic ray (GCR) is based on the force-field approximation model (7) . The physical description of the solar cosmic ray (SCR) considers the primary differential rigidity spectrum and the distribution of primary particles at the top of the atmosphere. It allows one to determine the spectral fluence rate of secondary particles induced by extensive showers, considering altitude range from the ground to 45 km (8) (9) (10) . Ambient dose equivalent can be determined using fluenceto-ambient dose equivalent conversion coefficients.
In this work, we analyze GCR and SCR effects on ambient dose equivalent, while considering many European flight paths. This study is limited to European flights for convenience of access to realistic plans, however, analyses and conclusions could be applied to other areas of the world. Thus, exhaustive analyses suggesting solar effects on ambient dose equivalent level can be performed, including detailed analyses that take into account route and airplane characteristics (departure, arrival, continent, airplane type, etc.) and the phasing of the solar event. The findings from this work show the important effect of flight path, particularly the latitude, which drives the cutoff rigidity variations. Moreover, dose values vary drastically during GLE events with the route path and the phasing of the solar event. These results highlight the importance of monitoring extreme solar events and developing semi-empirical and particle transport methods to obtain reliable calculations of dose levels.
MODELING APPROACH AND VALIDATIONS
Some methods based on semi-empirical or particle transport approaches allow one to assess the ambient dose equivalent. The challenge is to be able to evaluate the cosmic ray variations and the dose induced, while taking into account extreme solar events as GLE. This work is based on a dynamic model which integrates solar cosmicray contribution. The benefit is to investigate fluence rates or received doses. Figure 1 shows the global approach, whereby the objective is to assess the secondary spectrum to associate with the fluence to ambient dose equivalent coefficients depending on the particle type and the energy. This approach is based on a modeling platform dedicated to extrapolating the atmospheric ionizing radiation, including spectrum and secondary type and considering solar activity and extreme solar event impact. Spectra are calculated using coupled galactic and solar cosmic-ray models, extensive air shower simulations and flight path generator.
Ambient Dose Equivalent Assessment
In this work, ambient dose equivalent for flights is assessed in three complementary steps. First, it is necessary to describe the primary cosmic-ray model using the force-field approximation (7) . Then, to take into account the solar event, solar cosmic rays are characterized using the differential rigidity spectrum and the anisotropy function reflecting the distribution of solar cosmic-ray particles at the top of the atmosphere during the event. Primary and solar cosmic rays provide quantification of particle sources reaching the upper atmosphere (14, 15) . In the final step, the extensive air shower is assessed using nuclear transport simulations.
GCR model. A few models were proposed to represent the primary GCRs. The GCR ISO model is based on a semiempirical model for which equations and parameters that are needed to reconstruct the models are included in the International Standard ISO 15390 (16) . The CREME96 GCR (17) model is based on the model proposed by Nymmik et al. (18) and includes anomalous cosmic-ray fluxes (visible for He, N, O and Ne at approximately 10 MeV/nucleon) derived from SAMPEX results. The GCR model proposed by Nymmik et al. (19) is similar to the ISO model except that at energies below 10 MeV/nucleon the flux rises with decreasing energy.
The primary GCR is also usually modeled using the force-field approximation (7) . This model provides a simple parametric approximation of the differential spectrum of GCR and it contains only one variable parameter, referred to as the modulation potential /(t). The force-field approximation is used in this work. SCR model during GLE. SCR intensity distribution observed on Earth depends on some characteristics as the source site, the acceleration mechanism, the coronal transport and the ejection profile, as well as the transport of accelerated particles through the interplanetary magnetic field. During a typical solar event, the effect to the upper atmosphere is limited because solar energetic particles (SEP) are characterized by fluxes of low energy (i.e., ,100 MeV for protons). Analytical approximation of direct ionization can be applied (20) (21) (22) . However, during GLE, solar proton spectra can extend up to 1-10 GeV, energies that are high enough to induce cascades of particles in the atmosphere, i.e., additional instantaneous atmospheric effects potentially affecting human activities on Earth including avionic hardware.
We recently proposed a physical model describing the proton spectra (6) . It is based on physical description of the differential SCR rigidity spectrum and on the anisotropy function reflecting the distribution of solar cosmic-ray particles at the top of the atmosphere during the solar event, revealing information on the way these particles propagated in the interplanetary magnetic field and finally arrived in the vicinity of the Earth. This model was validated using measurements on neutron monitors.
Extensive air shower modeling. The incidental primary spectrum is composed by the GCR and SCR contributions. Nuclear transport methods were commonly used to assess atmospheric ionizing radiations. Thus, GEANT4 simulations of extensive air showers were performed and they allow one to generate databases which contain atmospheric radiation properties, i.e., secondary particles fluxes (neutrons, protons, electrons, muons and pions), their energies and their angular properties.
ATMORAD allows one to determine the spectral fluence rate du n,p,l (E)\dE of secondary particles induced by extensive showers, considering an altitude range from ground to 45 km, taking into account the GCR and SCR spectra and the magnetic field impact. Dose assessment. Fluence to ambient dose equivalent conversion coefficients f H* are known for most particles of interest and in the energy ranges related to atmospheric radiations (23) (24) (25) (26) (27) (28) . The ambient dose equivalent can be assessed by coupling these coefficients with the spectral fluence rate of secondary particles, and by considering a given flight route defined by its characteristics (latitudes, longitudes and altitudes).
Flight Path Database Representative of European International Air Traffic
A flight path database representative of European international air traffic was considered in this work. Flight trajectories are based on the Eurocontrol Demand Data Repository [DDR (11) ] and consider realistic flight plans with and without regulations or updated with radar data from the Central Flow Management Unit (CFMU). Thus, the DDR was used to access information from realistic flights departing from, landing to or crossing Europe during a one week period. This trajectory information is available in different forms, referred to as M1 (from flight plan), M2 (M1 with regulations) and M3 (flight plan updated with CFMU data). The M3 data is used in the current study, to take into account the regulation actions and the air traffic control orders. Each path was characterized by geophysical locations (timing, longitude, latitude and altitude), airplane type and city of departure and arrival. This primary database contains approximately 120,000 flight paths and characteristics, representative of the European international air traffic during one typical week. The database structure implies that the relative frequency of each route is respected, then it provides high statistic according to the aeronautical activities. Figure 2 shows a world map indicating selected flights contained in the flight database are shown.
High density is observed in Europe, North America and Southeast Asia. Geographical areas like Antarctica or Oceania are not represented in the database, because there is no direct flight between Europe and these world regions. Other territories are characterized by lower densities, such as Africa, North Asia (Siberia) and South America, which is explained by lower aeronautical activity and the fact that most flights between Europe and these regions are not direct. Considering the previous descriptions, the ambient dose equivalent H* for a given flight is expressed in Eq. (1):
VALIDATION BASED ON FLIGHT AND COSMIC-RAY MEASUREMENTS

Quiet Solar Period
Comparisons of standard approaches and measurements have been presented in previously published work (6), including direct radiation fields and ambient dose equivalent assessments. In particular, ambient dose equivalents were considered for selected flights operating in January 2018 where measurements are available during quiet solar activity conditions. Figure 3 shows ambient dose equivalents measured and calculated for flights departing from or arriving to London, and connected with destinations distributed in North America (Los Angeles), Asia (Tokyo) or Africa (Johannesburg).
Calculated ambient dose equivalents are relevant to measurements. Standard deviations associated with calculations and measurements have different origins. Indeed, standard deviations represent the influence by route diversity and by the scientific instrument for calculations and measurements, respectively. These results can be compared with other measurements and calculations to reveal somewhat different levels of values. Thus, considerable work is still needed for model/observation crosscomparisons to elucidate the differences, implying probable airborne measurement campaigns.
Extreme Solar Events
Two GLE events, which occurred in February 1956 and January 2005, are considered in this section. The GLE on February 23, 1956 (GLE no. 5) was investigated because it constitutes a reference as the most intense proton event observed since 1942. The GLE on January 20, 2005 was the most recent high-intensity GLE, with the advantage of having been monitored on a large number of neutron monitors (29) (30) (31) . Figure 4A shows the calculated and the measured cosmic ray variations observed during GLE nos. 5 and 69, and for some selected locations. Calculated and measured cosmic ray variations concerning distant stations and relevance demonstrate the ability to model the anisotropy properties of GLEs. Specifically, in the case of GLE no. 5, profiles of cosmic ray variations show that the maximum amplitude was obtained by the Leeds neutron monitor, i.e., a cosmic ray increase of 4,500% of the cosmic-ray level. Moreover, calculations overestimate the measured variations by a factor of 20-30% for neutron monitors operating in Leeds, Stockholm and Chicago, while cosmic ray variation calculated in Ottawa was highly underestimated (;40%). Variations are quite correct for the first three stations, whereas a significant difference is observed for Ottawa.
In previously published work (12, 13) , potential exposures measured for airplanes on different routes during GLE no. 5 were proposed. The evaluated dose value was approximately 1.5 mSv for flights from Paris to Washington. Figure 4B shows normalized distributions of ambient dose equivalent calculated for GLE no. 5. Orders of magnitude of ambient dose equivalent are from 900 to 1,800 lSv, depending on path characteristics. These results confer a satisfactory confidence level for calculating ambient dose equivalent, particularly when GLE dynamics are taken into account. 
STATISTICAL ANALYSES OF AMBIENT DOSE EQUIVALENT DURING QUIET SOLAR CONDITIONS
Ambient dose equivalent was assessed during a quiet solar period and for each flight path described in the European air traffic database. The solar activity is considered to be quiet when the value of solar potential is 700 MV, which corresponds to the current level during the month of January 2018. These results can be statistically analyzed using parameters such as the departure/arrival continent or city, altitude or latitude criteria. Figure 5 shows the normalized distributions distinguishing flight on departure/arrival, i.e., from Europe to Europe, Africa, North America, South America and Asia (and reciprocally from any continent to Europe). Overall analysis of the results indicates ambient dose equivalent ranges from low level to approximately 80 lSv. The results show that flights to or from Africa and Europe cover ambient dose equivalent ranging from low dose (low distance and altitude) to levels of 20 lSv. In the case of observed ambient doses for flights involving South America, the distance between that continent and Europe induces longer flight times and equatorial/tropical latitudes. The conjugation of these two properties induces ambient dose equivalent levels from 8 to 25 lSv. Flights involving Asia are characterized by a high diversity: very short flights (e.g., Asia Minor), which induce a low-ambient-dose equivalent level, and long-distance flights characterized by far-northern routes (e.g., Siberian route for Japan). This implies dose levels that can go up to 80 lSv, i.e., the maximum dose observed in the global distribution. As for transatlantic flights, i.e., Europe to North America and vice versa, ambient dose equivalent levels are from 15 to 80 lSv. Low ambient doses are observed for the southern cities on the East Coast of the U.S. (e.g., Miami, Orlando, Atlanta, etc.), while medium doses are observed for the northern cities (e.g., New York, Boston, etc.). High ambient dose equivalents are associated with longer routes, e.g., Los Angeles or San Francisco. Ambient doses are then of the order of 80 lSv. Figure 6 shows ambient dose equivalent world maps derived from calculations; Fig. 6A shows the absolute dose value (lSv) world map and Fig. 6B shows the ambient dose rate (lSv/h) world map. The color scale refers to the dose level (from low to 80 lSv) or dose rate (from 1 to 8 lSv/h), and each flight is positioned according to the arrival or departure city (European city being the reference). Low data densities are observed in geographical regions where direct 
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traffic with Europe is reduced (South America, Africa and some parts of Asia). The dose world map demonstrates that most affected destinations in terms of dose are East Asia and Northwest America. The main parameter is the duration (or the flight distance), however, the latitude is a significant parameter. This is effectively illustrated by the marked difference between South and North America (similar duration but significant difference in dose level).
The ambient dose rate world map (Fig. 6B ) has the advantage of taking into account the influence of flight distance/duration. Thus, flights crossing high latitudes (North America and Europe, since studies focus on European air traffic) are more problematic, due to the low geomagnetic cutoff rigidity. For equivalent latitudes in Europe, the risk appears to be lower. This is due to the fact that the EuropeEurope paths are fairly straightforward while those linking Europe to North Asia and North America pass through high latitudes, i.e., the Atlantic or Siberian highways. Conversely, equatorial and tropical regions are characterized by lowambient dose rate. A distinction could be made concerning the most Southern destinations in South America (very high absolute latitude), however, the overall dose rate does not reflect the fact that the instantaneous dose level is higher at the end or at the beginning of the flight.
STATISTICAL ANALYSES OF AMBIENT DOSE EQUIVALENT DURING EXTREME SOLAR EVENT
The GLE model was applied during extreme events occurring on February 23, 1956 (no. 5) and January 20, 2005 (no. 69), respectively. In addition to the differential SCR rigidity spectrum and due to the anisotropy characteristics, the ambient dose equivalent depends on the dynamic. Contrary to the Forbush decrease (FD), GLEs are prompt events, which complicate the dose assessment. Indeed, dose values vary drastically with the route profile, as well as with the phasing of the solar event.
Statistical Analyses Applied to Selected Flights
Five flights were selected, taking into consideration the high statistical path number issued from the flight plan updated with radar data (CFMU, M3). To consider continents or subcontinents representative of European international air traffic, flights linking Paris to Los Angeles, New York, Tokyo, Johannesburg and Sao Paulo cities are investigated, and several hundred trajectories are considered for each of these flights. Figure 7 shows a world mapping illustrating these flights. There is great diversity in the trajectories for a given flight, which is especially true for Los Angeles, New York and Tokyo. Some anomalies are identifiable on the trajectory, which reflects flight plan modifications that are probably due to weather conditions. In the specific case of Paris-Tokyo flights, it is possible to distinguish flights that use a Siberian route from flights using a low-latitude route; this can also be said of the ParisLos Angeles flights.
Normalized distributions of the ambient dose equivalent during quiet solar activity (i.e., solar modulation of 700 MV) are shown in Fig. 8A and B for the five selected flights, going from and to Paris, respectively. This distinction is important, given that the flight durations are different, due to prevailing atmospheric currents [East-West (EW)] and the air corridors (in the point of view of latitude and/or altitude). This is illustrated by the results obtained for the Paris-Los Angeles flights. Indeed, normalized distribu- The same analyses were performed with GLE no. 69, which occurred 4 h after flight departure (Fig. 9) . It is interesting to note the significant influence of direction on ambient dose distributions for Paris-Los Angeles. To a lesser extent, this is also noticeable for the Paris-New York and Paris-Tokyo flights. This confirms the importance of accurately accounting for the dynamics of GLE in dose assessment.
For Paris-Tokyo flights, normalized distributions are from 50 to 280 lSv for the EW direction, while the range is from 125 to 360 lSv for the WE direction. In other words, there may be a factor of up to 5 on the ambient dose level induced by the path. Comparison of Fig. 8B and Fig. 9B shows that some paths are weakly sensitive to the effects of the GLE. This suggests that during extreme events, strategies should be made available to reroute the airplane and avoid the effects of radiation. However, in the case of GLEs for which the solar particles are quasi-relativistic, it is not easy to anticipate this, which is problematic for current air traffic. However, it is possible to issue recommendations to avoid certain geographic regions or latitudes.
In the specific cases of the Paris-Johannesburg and ParisSao Paulo flights, the GLE impact on ambient dose levels is relatively limited, with an increase of up to 20%. This is primarily an effect of latitude, since these routes cross the tropical and equatorial latitudes. Table 1 provides the average value of ambient dose equivalent calculated on selected flights, using realistic sampling of routes and considering both GLEs. Ambient dose equivalents obtained during quiet period are also presented (solar modulation of 700 MV). The first analysis concerns the average ambient dose equivalent obtained during quiet solar activity. Despite the directions of the flight route, results are quite homogeneous for certain flights, e.g., Paris-Sao Paulo, for which the dose is of the order of 17 lSv. The main reason is that the departure and arrival latitudes are quite similar. This is a finding that mainly concerns North-South routes because they undergo the same atmospheric currents. In all other cases, differences are observed in the average values. The route analysis confirms that air corridors and altitudes are mapped according to the direction of flight, which is a consequence of air regulations.
With a focus on the results obtained with GLEs, a very large asymmetry is observed for some flight routes, the most spectacular example concerning Los Angeles and Tokyo flights. Indeed, considering Paris-Tokyo flights and GLE no. 5, the average ambient dose equivalent values are 1,146 and 420 lSv in the WE and EW directions, respectively. Moreover, results confirm that North-South routes are characterized by a relatively low dissymmetry, even during a GLE.
The GLE can be characterized by a high anisotropy; Fig.  4 shows that cosmic ray variations during GLE no. 69 are of 200 and 3,000% for the Thule and the McMurdo stations, respectively. An interesting perspective can be achieved by modifying the anisotropy characteristics and investigating their impacts on ambient dose equivalent assessment. Preliminary analyses have been previously reported (6), proposing a GLE based on the spectrum and dynamics of GLE no. 69, but reversing the North-South anisotropy properties. These results demonstrate the importance of physically describing the spectral properties, dynamics and anisotropy of a GLE.
Exhaustive Statistical Analyses
As previously discussed, the dose is highly dependent on the flight route profile and the GLE dynamic. These parameters explain the observed differences according to 
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the direction of the flight and differences observed from one continent to another. Figure 10 shows the normalized ambient dose equivalent distributions with respect to the quiet solar period, for GLE nos. 5 and 69. A delay of 4 h between departure and GLE occurrence was considered for both GLE scenarios. Figure  10A addresses all flights recorded in the European flight database, while Fig. 10B addresses the Europe-North America (and vice versa) flights. A shift in the distribution is observed towards higher levels of ambient dose equivalent, i.e., of the order of hundreds of lSv for GLE no. 69 and thousands of lSv for GLE no. 5. It is interesting to focus on transatlantic flights because they require fairly high latitudes. While some flights appear to be relatively unaffected by the GLE, a more detailed analysis indicates that these flights are arriving to or departing from airports in the southern U.S. or Mexico. However, the majority of flights are impacted by GLE, by a factor of up to 5 and 25 for GLE nos. 69 and 5, respectively.
Results obtained for South America and Asia are shown in Fig. 11A and B, respectively. The impact of GLE nos. 69 and 5 is very low for South American flights, which is mainly due to flight latitudes (i.e., equatorial and tropical). The geomagnetic cutoff rigidity in these geographical areas is high (i.e., between 8 to 12 GV) and strongly reduces the penetration of additional solar cosmic rays. In the case of Asian flights, there is some similarity with the orders of magnitude observed for North America. Moreover, flight data presented in the Table 1 give some examples and comparisons.
Impact of the GLE Time Occurrence
The time defining the GLE occurrence has importance in the assessment of the ambient dose equivalent. Two ParisLos Angeles flights were selected to investigate the influence of GLE occurrence time, the first one being the lowest dose (quiet period), while the second induced the highest dose. Figure 12A shows latitude dynamics of flight nos. 5 and 23. Route no. 23 crosses the latitude of 758, while the second does not reach 558. Moreover, it is important to note that altitude dynamics as well as flight durations are quite similar (11.7 km and 11 h, respectively). Figure 12B and C shows estimates for the total dose rate profiles (in lS/h) during both flights for the GLE no. 69 scenario, occurring after flight departure. The delay of the GLE occurrence varies from 0 to 11 h. A significant difference is observed between these flights, whatever the delay. It is evident that this difference is the consequence of the flight latitude. In addition, it is very interesting to note that dose rates are similar when latitudes are quite similar (case of delays of 0 and 10). A factor of 1.5 is observed by comparison of dose rate amplitudes of flights (considering the same delay). Finally, this analysis shows that according to the dynamic phasing of the GLE and according to the path characteristics, the dose rate can vary up to a factor of 10, involving significant variations in the total ambient dose equivalent. It is therefore difficult to assert the dose level induced by a GLE without considering a physical and dynamic description.
The total ambient dose equivalents as a function of the delay are shown in Fig. 12D for both flights. The ratios between the two flights range from a factor of 1.2 to 2. For delays of 9 h or more, there is no difference in the total ambient dose equivalent, which may be directly related to the flight latitude (typically inferior to 458) for which the GLE has a nonsignificant effect. Figures 13 and 14 show the normalized distributions of the ambient dose equivalent for Europe-North America flights, taking into consideration several delays between the flight departure and GLE occurrence, 2, 4 and 6 h. Results are shown for GLE nos. 69 and 5 in Figs. 13 and 14 , respectively. It is apparent that the influence of GLE occurrence time is more significant during GLE no. 69. This is probably due to the anisotropy properties that are particularly asymmetric for this event. In the case of GLE no. 5, solar cosmic rays are relatively homogenous and the main parameters are the altitude and the latitude. This is confirmed by analysis of the results obtained when the modified GLE no. 69 is considered.
DISCUSSION
From the perspective of dose risk and assessment, several international agencies have established recommended dose limits for both workers and the general public for different types of activities. Based on these recommended dose limits, the national or continental regulations have been established. For example, according for the International Commission on Radiological Protection (ICRP), recommendations for annual effective dose are 20 mSv and 1 mSv averaged over a five-year period for flight crews and for the public, respectively. Furthermore, it is recommended that the effective dose not exceed 50 mSv in a single year, barring special circumstances. The effective dose is convenient to assess the biological risk to radiation, however, it is not a measurable quantity and the ambient dose equivalent is used for operational purposes. In general, the ambient dose equivalent slightly overestimates the effective dose, and it is not a conservative assessment at aviation altitudes, specifically in high rigidity regions. Nevertheless, it is regarded as an acceptable approximation for effective dose at aircraft altitudes (31, 32) .
There are a number of methods that can be used for the post-or real-time evaluation of dose for operational purposes (33-37). These methods are relevant to evaluate the dose induced by the galactic cosmic-ray contribution, i.e., during quiet solar periods. Other proposed approaches (38) predict real-time atmospheric exposure from GCR and solar energetic particle (SEP) events. The SEP spectrum is derived using ion flux measurements taken from the NOAA/GOES and NASA/ACE satellites. The methodology used in this work is not intended to propose an alternative to these methods, but to investigate in detail the impact of a dynamic model of an extreme solar event.
The results presented in this work show that the extra ambient dose equivalent for flights during extreme GLEs can be from a few hundred to a few thousand lSv. However, the dose level depends on several physical parameters, i.e., the differential SCR rigidity spectrum, the anisotropy function reflecting the distribution of SCR particles at the top of the atmosphere during the solar event and their dynamics. Dose levels for flights are much higher, most likely in the range of allowable levels. The orders of magnitude of dose levels induced during extreme solar events raise a number of issues for the public and flight crews, as well as for avionics hardware. In the specific case of public aeronautical use, the increase in annual passenger numbers and the individual increase in cumulative flights (mainly business travel) necessitate improvements in dose assessment (recommendations for annual effective dose of 1 mSv over a five-year period). This highlights the importance of monitoring these solar events and developing semiempirical and particle transport methods to obtain reliable calculation of dose levels. Another requirement is improvement in the alert system and recommendations of diagnostics.
CONCLUSION
To investigate the ambient dose equivalent during quiet solar activity and extreme solar events (GLE no. 5 and no. 69), realistic flights operated during a complete week were considered. This database contains flights departing from, landing to or crossing Europe. Relevant validations were presented for ambient dose equivalent during quiet solar activity, then, cosmic ray variations and flight dose assessments during GLEs.
Statistical analyses showed that ambient dose equivalents vary drastically, on the one hand with the route path (latitude, longitude and altitude), on the other hand with the phasing of the solar event. Indeed, GLE are prompt events that complicate the dose assessment. The combination of high dose rates and prompt dynamics induces dose levels of approximately a few hundred lSv and a few thousand lSv for the GLE nos. 69 and 5, respectively. Results show that contrary to the classical solar flare inducing FDs or classical GLEs, severe GLEs can induce much larger dose levels. In addition, for most GLEs that are not severe, the additional dose is minor compared to the typical annual effective dose. As for severe events, additional doses significantly affect the annual effective dose. This finding highlights the importance of monitoring these solar events and developing semi-empirical and particle transport methods to obtain reliable dose level calculations.
FIG. 13.
Normalized distribution of the ambient dose equivalent considering several delays between the flight departure and GLE occurrence, 2, 4 and 6 h, respectively. Results concern GLE no. 69 and flights from or to North America.
FIG. 14.
Normalized distribution of the ambient dose equivalent considering several delays between the flight departure and GLE occurrence, 2, 4 and 6 h, respectively. Results concern GLE no. 5 and flights from or to North America.
